Abstract -A general algorithm of a Space Vector approach is implemented on a 6-leg VSI controlling a PM synchronous machine with three independent phases. In this last case, the necessity of controlling the zero-sequence current motivates the choice of a special family of vectors, different of this one used in Pulse Width Modulation (PWM) intersective strategy and in common Space Vector PWM (SVPWM). To preserve the parallelism of the algorithm and fulfill the execution time constraints, the implementation is made on a Field Programmable Gate Array (FPGA). Comparisons with more classical 2-level and 3-level PWM are provided.
I-INTRODUCTION
When a VSI is controlled with a carrier-based PWM, the conduction durations of the switches have to be calculated to obtain the correct average values of the voltages applied to the load. The more classical way is the Suboscillation Method [1] which determines the intersections between a triangular shape wave and the desired average values of voltages. For a 3-leg 2-level VSI supplying a star connected load with isolated neutral, another method, more favorable to optimization [2] , [3] is the SVPWM. Then, projections of the desired vectors must be achieved in order to obtain the conduction durations. However, this last method can hardly be generalized to the study of n-leg VSI supplying n-wire loads or even a 3-leg VSI supplying a star-connected load with neutral not isolated. It is always possible to use the Suboscillation Method but in this case, we no longer have the geometrical tools to analyze and optimize the performances of different control laws. A few works [4] were developed for 4-leg VSI implying a 3-dimensional approach using vectors that belong to a 3-dimensional space. Other works [5] - [7] use more general matricial methods for n-leg VSI but with no geometrical approach. Other works [8] - [9] split the problem into several 2-dimensionnal problems using properties of the load of the nleg VSI. It is then possible to use space vector calculation developed for 3-leg VSI. However, there is a coupling between the planes since it is the projections of the same vectors which are used. Even if each vector reference in each plane can be obtained, it is still necessary to verify that the sum of these two references does not imply the saturation [10] - [11] of the n-leg VSI.
In order to propose a direct approach in n-dimensional space, a general geometrical vectorial characterization of VSI has been developed [12] - [14] . Then, the conduction durations, which can be considered as barycentric coordinates of a defined family of vectors, are calculated. The explicit calculations allow to find directly when saturation can occur and then to manage it [15] . The proposed general method can suffer from a high number of operations ((n+1) multiplications and (n-1) additions are necessary for the calculation of one time duration). In FPGA implementation these operations can be achieved in parallel treatment. On the contrary, in DSP implementation, the treatment is sequential. As consequence, to implement such an intensive treatment and at the same time ensure a high computational rate, the use of FPGA is suitable [16] - [18] .
In this paper, a 3-phase Permanent Magnet Synchronous Machine (PMSM) with each phase being supplied by a 2-leg VSI is considered (Fig. 1 ). This configuration is studied for Traction drive of Electric Vehicle [19] - [23] . It is thus possible to use the same traction drive components as battery charger without need of any contactor. However, the use of three independent phases topology needs to take into account the zero-sequence current control, which is naturally equal to zero with classical star-coupled 3-phase machines. Imposed by the topology and necessary for the control strategy, a 6-leg VSI offers much more combinations (2 6 =64) than the 8 combinations of 3-leg VSI. These 64 VSI states ensure many degrees of freedom to be managed by the voltage modulation strategy. The first section of this paper deals with the adaptation of the general space vector approach to the case of a 6-leg VSI supplying a PM synchronous machine with three independent phases. A special Z-SVPWM (Zero Sequence Space Vector PWM) is proposed.
In the second section, the FPGA implementation is detailed.
In the third section experimental results are compared with those obtained with more classical 2-level and 3-level PWM.
II-CALCULATION OF TIME DURATION WITH Z-SVPWM FAMILIES BY SPACE VECTOR APPROACH

A. Characterization of 6-leg VSI
The 6-leg inverter, represented in Fig. 2 
We can then define the voltage vector as, 
B. Average control and barycenter notion
We consider a PWM with a period carrier T. The mathematical basis of this approach is to achieve average voltage by modulation of the pulse width. At the kT instant   c V  , the desired mean value of the instantaneous vector
can be expressed as follows, Moreover, as t r is positive, M is inside the cube B as shown in Fig. 5 . So, when an average control is adopted, it is the entire volume of the cube B that characterizes the inverter, and not only its vertices.
C. How to find the switching durations
The determination of the barycentric coordinates is obtained in a n-dimensional space by calculation of determinants. The formulation is thus classical. In fact, the major problem is to choose interesting vectors among the 27 possible ones. There are a lot of possible solutions. It is then necessary to add a criterion in order to define a solution. In classical 2-level SVPWM, the nearest points of the desired point in the hexagon are chosen. This choice leads to a minimization of the high frequency current ripples. In the studied case, it is necessary to take into account that a zerosequence current can be generated.
If the desired point is inside a plane, three non-aligned points in this plane are sufficient and a unique solution can be then obtained. In the studied case, it can be noticed that a family of seven points (M 0 , M 6 , M 8 , M 16 , M 22 , M 20 , M 12 ), which have no zero-sequence component, belong to a plane (see Fig. 4 ). For each point M inside the hexagon H X generated by the seven points, it will be possible to generate adequate durations using only 3 points of this family with warrant of a strict instantaneous zero-sequence component value. In this case, the maximum RMS value voltage in case of sinusoidal reference is limited to E 2 1 .
When looking at Fig. 5 , it appears that a wider hexagon H y can be considered (M p3 , M p21 , M p19 , M p25 , M p7 , M p9 ). In this case, these points are projections in the plane of the points which belong to the characteristic family F 27 of the 6-leg VSI. As example M p3 is the projection of M 3 . If minimum activation duration of switches is neglected, it is thus possible to obtain a wider hexagon H y to which the desired vector can belong. In this case, the maximum RMS value voltage in case of three sinusoidal references is limited to E 3 2 (15% greater than previously). For each new reference of the voltage vector, a search of the most accessible three nearest points of the hexagon is done by testing the sign of three scalar vector products. After determination of these three points, three determinants are calculated in order to obtain the time durations.
From the relations (2) and (3), t k , t j and t q, respectively the time durations of the activation of the vectors j k OM OM , and q OM are given by [14] :
In order to preserve the efficiency of the proposed space vector approach, the digital implementation is to be based on a fast digital target. Indeed, the time delay between the generation of the voltage references and the calculation of the switching durations must be as small as possible. To this purpose, a hardware-based FPGA target has been chosen. Based on this hardware approach, the designer can develop an FPGA architecture that is perfectly dedicated to the algorithm. The parallelism of this algorithm is then preserved and consequently, the execution time is significantly shortened.
In the proposed application, the developed FPGA-based SVPWM has been implemented using the RT-LAB realtime platform (from OPAL-RT). The latter consists of, among others, a dual/quad core CPU board, a Xilinx Spartan3 FPGA board and a set of digital and analog I/O boards. In the following, we are going to present the structure of the control system, the FPGA architecture of the developed space vector module and finally the corresponding time/area performances.
A. Description of the control system
The structure of the developed control system is shown in Fig. 6 
B. FPGA-based SVPWM module
The architecture of the implemented FPGA-based SVPWM is highlighted in Fig. 7 . This architecture has been partitioned according to the algorithm presented previously. Roughly speaking, three main steps are processed: the sector determination, the barycentric coordinates calculation and the switching signal generation. This design has been developed using the XSG toolboxes. Also, specific RT-LAB blocks have been included so as to manage the data transfer from the CPU and the interfacing with the FPGA I/O blocks.
C. Time/Area performances
The used FPGA target is a Xilinx XC3S5000 Spartan3 FPGA. The global clock frequency is equal to 100MHz. The latency (number of execution clock cycles) of the developed SVPWM module is equal to 22. The execution time is then equal to 220ns which corresponds to a 0.088% time ratio. Note that the reference time in our case is the switching period that has been set to 250µs. As far as the FPGA resources consumption, the design occupies 8% of the 33280 FPGA cells and uses 14 hardwired 18-bit multipliers (over 104 multipliers). This is worth noticing that this consumption is directly linked to the format of the processed variables. In our case, the fixed point format has been set to 16Q10 (16 bits with 10-bit precision). 
IV-SIMULATION AND EXPERIMENTAL VALIDATION
In this section, the principle of the 2-level PWM and the used 3-level PWM control is reminded. The Z-SVPWM will also be briefly explained. Afterwards the result of the Matlab/Simulink simulations will be presented. Finally, a comparison with the experimental results will be provided, highlighting the advantages and limitations of the proposed space vector method over the classical methods.
A. 2-level and 3-level pulse width modulation
Because of the need to control the zero-sequence current of the PMSM, the voltage vectors generated by the inverter will be analyzed. An efficient form of analysis is to project these vectors on to an electro-magnetically decoupled space. This is done using the Concordia transformation. The Concordia transformation projects the natural "abc" vectors to two separate space domains, one two dimensional plane, also called the "αβ" plane and a one dimension line, known as the zero sequence line. The electrical machine will also be viewed through the same perspective. Therefore the electrical machine is interpreted as two fictitious machines, each one being supplied by its own decoupled energy source (see Fig. 8 ).
In the case of a 2-level common modulation, for the given phase coupling of the electrical machine, the inverter will be able to generate a number of 8 vectorscombinations of -E;+E. These 8 vectors on the "abc" frame will generate the vertices of a cube as shown in Fig.3 . The projections of the vertices of the cube on the Concordia frame generate the 6 vectors in the "αβ" plane and a suit of vectors on the zero sequence line with a non-zero value [13] .
In the case of a 3-level modulation, taking into account the coupling of the electrical machine with the inverter, with respect to the 8 vectors generated with 2-level modulation, the inverter is also able to generate other 19 vectorscombinations of -E; 0; +E. In this case, a number of 7 vectors out of the total of 27 have zero sequence projection equal to zero, and moreover, these vectors are directly reachable in the "abc" frame as well, as shown in Fig. 5 . A particular space vector modulation (called Z-SVPWM) can be defined, based on the use of these 7 vectors.
During a 2-level PWM time period, it is known that the intersection of the carrier with the reference value of the desired vector will generate at least two vectors (+E,+E,+E) and (-E,-E,-E) with the maximum amount E 3 of zero sequence component. With respect to the time constant of the zero sequence fictitious machine, this increases the zero sequence current ripple. Looking at the 3-level modulation, as shown in Fig. 5 , it is perceptible that, during a PWM time period, there will always be two vectors that have a projection on the zero sequence line domain. Nevertheless, the vectors with zero sequence component only reach one third of the maximal amount over the 2-level method and are activated a fraction of the time with respect to the 2-level modulation. Therefore, it is expected to obtain a sensible reduction of oscillation on the zero sequence current component.
The Z-SVPWM uses vectors with no zero sequence component, therefore, in the case of a sinusoidal back e.m.f., we expect to have no zero sequence current flowing through the machine. 
B. Simulation results of PWM strategies
A model of a PMSM with three independent phases was developed using Matlab/Simulink. The model is taking into account two fictitious machines, the zero sequence machine -M0 and the main machine -M1 as shown in Fig. 8 . For the simulation example it was decided to take the case of a perfect repartition of m.m.f and an equal time constant for the two fictitious machines. Having this in mind, it is expected to have good results applying the 3-level PWM strategy and a perfect result applying the space vector approach. In the case of the 3-level strategy, two types of modulation were implemented for the simulation and later on for the experimental results. The double modulation (DM) 3-level PWM [25] is expected to have better results over the simple modulation (SM) as the windings of the electrical machine are being supplied by the VSI at twice the value of the switching frequency. As seen in Fig. 9 , the differences among the high frequency oscillations of the zero sequence current are clearly visible. In the case of the space vector control, it can be seen that the zero sequence component of the current is zero, as the M0 fictitious machine is supplied with zero voltage vectors. Indeed, the best interest in applying the space vector modulation to electrical machines that present a sinusoidal repartition of m.m.f.
C. Experimental results
The experimental results were carried out applying the topology presented in part III Fig. 6 . All experimental results were carried out in the same functioning conditions (100 rpm, 4 Nm). Fig. 10 presents a visual comparison among the three modulation techniques. Thanks to the particular vector family chosen to work with, the Z-SVPWM has the minimum amount of high frequency distortion. It can be said that in parallel to the low RMS value for the zero sequence current, the power losses are also kept lower for the space vector modulation regarding the other modulation strategies. In Fig. 11 , at the switching and multiple of the switching frequency (4, 8, 12 kHz), the 3-level PWM strategies stand out in front of the 2-level PWM strategy. As well, the 3-level double modulation method performs better at the frequency of 4 kHz than the simple modulation 3-level PWM but with the price of higher power switching losses. The Z-SVPWM has an almost identical performance as the 3-level SM PWM, with a small advantage present at higher switching frequencies. Comparing the Z-SVPWM to the 3-level DM PWM, it is shown that only at the switching frequency the PWM method is better. In Fig.12 , the amplitude spike of the 2-level modulation at 4 kHz has been 
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Main fictive machine M1 (harmonics ranks 1, 2, 4, 5, 7, 8…) taken as reference value for the other three modulation methods. With respect to the time constant of the two fictitious machines and for the operating point, the Z-SVPWM has a similar result in terms of harmonic distortion as the 3-level modulations. 
D2.Impact on the power switching commutation number
Power switching commutations are to be considered when focusing on power losses and heat dissipation. To this purpose the advantage of the proposed Z-SVPWM algorithm allows fewer commutations (decrease by a factor of two) than the classical double modulation 3-level PWM as seen in Fig.13 . In this case, the Z-SVPWM strategy looks like a flat-top modulation well known for 3-leg VSI [19] . 
V-CONCLUSION
The aim of this paper was to present an application of a general space vector approach for a 6-leg VSI. When applied to a PMSM drive, the principle of the developed Z-SVPWM is to supply the stator windings with a specific family of voltage vectors. A deep understanding of the corresponding algorithm has firstly been presented. It is then followed by its FPGA digital implementation. Such implementation has been motivated by the necessity of very short computational time so as to preserve the efficiency of the Z-SVPWM. Experimental results have been provided and a comparison to a classical 2 and 3-level PWM approaches was made. The results show that the Z-SVPWM has the potential to minimize the level of zero sequence current harmonics with a low number of commutations. Future work will present the advantages of the space vector method on the management of the saturation of the VSI. Further implementation for 5-leg VSI can be easily achieved following the same approach.
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